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Technology scaling has enabled RF-CMOS circuits that operate in the 
millimeter-wave frequency range (30GHz – 300GHz) where large bandwidths 
are available. These bandwidths can be exploited to increase data rates of 
wireless communication links. Unfortunately, free-space path loss (FSPL) limits 
the operating distance of wireless systems at these frequencies. A 5-meter link 
at 120GHz has an FSPL as high as 88dB. Therefore such wireless links are 
only feasible with highly directive antennas. This work uses a directive channel 
instead. At mm-Wave frequencies, the directive channel can be a low-cost 
plastic fiber or hollow tube, made from PP, PS or Teflon. These directive 
channels will guide electromagnetic waves with low loss from TX to RX [1]-[4]. 
As such, RF communication through a plastic fiber becomes an interesting 
alternative and complements existing solutions like wireline copper or optical 
fibers. This paper presents an entire communication link that uses a 
continuous-phase frequency-shift keying (CPFSK) TX and RX. We report on 
120GHz 40nm CMOS TX and RX chips, the connector solution, and the plastic 
channel. Data rates up to 12.7Gbps over 1 meter, transmission lengths up to 7 
meter at 2.5Gbps and an energy efficiency of 1.8pJ/bit/m for 4 meter and 
7.4Gbps are achieved for the complete communication link. All these results are 
for a BER 10-12. Compared to previous work, measurements also show the link 
still works for a bending radius of only 25mm, thanks to the selection of a high 
carrier frequency. 
 
The system architecture is shown in Figure 1. The CPFSK transmitter 
modulates PRBS9 input data on a 120GHz carrier and radiates the RF output 
signal into a plastic waveguide. An on-chip antenna in the CPFSK receiver 
picks up the signal and demodulated it to baseband. Because of the large 
bandwidth available at 120GHz, a simple modulation scheme can be used to 
reach a high data rate. CPFSK modulation is chosen for its robustness and low 
implementation complexity for both transmitter and receiver circuitry and 
constant envelope RF signals, which results in low power consumption. The 
use of mm-Wave carrier frequencies enables the integration of on-chip 
antennas. However, this can cause frequency pulling of the oscillator in the 
transmitter, which degrades the performance of phase-modulated systems, like 
BPSK or QPSK. The CPFSK modulator is immune against this pulling because 
the frequency jumps caused by the modulation are chosen much larger than 
the ones caused by the pulling. The selection of 120GHz as carrier frequency is 
mainly driven by the small bending radius of 25mm and 1.5dB loss for a 180 
degrees bend. To guide the 120GHz carrier, a hollow Teflon tube of 2mm outer 
and 1mm inner diameter is used. The proposed channel has a measured loss 
of 2.5dB per meter at 120GHz. 
 
In this work, both a bondwire dipole antenna and an on-chip collinear broadside 
dipole with backside radiation were implemented on chip, to couple the 120GHz 
modulated RF signal into the plastic waveguide (see Figure 2). A bondwire 
dipole antenna is straightforward and gives good coupling into the plastic 
waveguide. This implementation is excellent for testing purposes. The second 
antenna is a collinear broadside dipole implemented in the top metal layer of 
the 40nm CMOS chip. This implementation is flip-chipped on a substrate with a 
reflector and the RF output signal is radiated by the backside of the chip. A 
metal connector, in which the waveguide can be inserted, is glued to the 
substrate and forms a robust connection between the backside of the chip and 
the fiber without extra losses. An important advantage compared to optical 
communication is the relaxed mechanical alignment requirement between the 
plastic fiber and the antenna. The output power varies only 2dB when moving 
the waveguide 0.5mm off-center in H-plane or E-plane of the antenna. 
 
Figure 3 presents the architecture of the transmitter. The 120GHz CPFSK 
transmitter includes an embedded PRBS9 generator for testing the link. This 
PRBS9 data modulates the frequency of a digital controlled oscillator. The 
oscillator, implemented by a cross-coupled pair and an LC-tank, generates the 
120GHz carrier. Three switched capacitors are used in the tank, one causes 
frequency jumps of 4GHz for the modulation and the two other give a 2GHz 
frequency shift each. The 120GHz output buffer is implemented as a differential 
pair with neutralization gate-drain capacitors and amplifies the VCO signal. 
Transmission lines and a transformer perform the impedance match between 
this buffer and the antenna. The power consumption is 6.5mW and 4.5mW for 
the oscillator and output buffer respectively. Figure 3 also shows two measured 
spectra of the modulated 120GHz output of the transmitter. In the bottom and 
top spectrum the modulation index (R/∆f) is 1 and 0.25 respectively. For 
transmitter output measurements, the RF output is radiated into a plastic 
waveguide that is connected to a harmonic mixer for down-conversion. The 
losses of the setup were not de-embedded in the spectra.  
 
The architecture of the CPFSK receiver is shown in Figure 4. The LNA amplifies 
the incoming signal of the antenna, the demodulator retrieves the baseband 
signal that is amplified by the post-amplifier, and the measurement buffer is 
used to drive the 50Ω measurement equipment. The 120GHz LNA has 5 
stages with a total gain of 26.8dB, a noise figure of 6.6dB and a power 
consumption of 28.7mW. Each stage exists of a neutralized differential pair and 
a matching network. The S-curve CPFSK demodulator consists of a splitter, a 
phase shifter and a mixer. The mm-Wave phase shifter is implemented as a 
tuned amplifier and the mixer as a Gilbert cell. The demodulation is performed 
by creating frequency-dependent phase shifts between the two input signals of 
the mixer, which results in voltage jumps at the output. This avoids the need for 
power hungry LO generation. Besides a large frequency to phase gain, the 
phase shifter is designed to match the optimal DC phase difference at the input 
of the mixer. The power consumption of the demodulator is only 4mW. The 
post-amplifier and the measurement buffer consist of 6 stages in total. The first 
two stages consume 8.3mW and are designed small to minimize the load to the 
mixer and achieve a high bandwidth. The other four stages consume 48.2mW 
and are optimized to drive an off-chip 50Ω load. In three stages inductive 
peaking is used to enhance the bandwidth of both the post-amplifier and the 
measurement buffer and to compensate for the filtering effect of the bondwires 
needed to bring the baseband signal off-chip. The power consumption of the 
post-amplifier is included in the FOM calculations. 
 
The measurements of the full link are presented in Figure 5. The CPFSK 
transmitter only requires a DC connection and a clock for the PRBS data 
generation. The 120GHz CPFSK modulated signal is sent through the plastic 
waveguide, demodulated in the receiver and visualized on a scope or 
measured with a BERT (ParBERT 81250). The measured BER and eye 
diagrams for different data rates and distances are given. No decision-feedback 
equalization or error correction was applied in the measurements. For a BER of 
10-12 the longest distance is 7 meter with a data rate of 2.5Gbps and the highest 
data rate is 12.7Gbps over 1 meter. The best FOM with BER 10-12 is 1.8pJ/bit/m 
and is achieved for a 4-meter plastic link with a 7.4Gbps data rate. The 
measured bathtub curve shows an eye opening of 0.14UI at BER 10-12 for 
7Gbps over a 4-meter fiber. For a distance of 4 meter and a data rate of 
7.4Gbps, the power consumption of the entire communication link is 52mW, of 
which 11mW in the transmitter and 41mW in the receiver. 
 
In Figure 6 the results are compared against previous published communication 
links with plastic waveguides. The carrier frequency used in this work is higher 
than previous presented implementations to allow a short bending radius. The 
achieved bit rates are competitive for both short and long distance, while this 
work achieves higher data rate x distance numbers. To the authors’ knowledge, 
this is the first mm-Wave multi-Gbps FSK transceiver. The chips were 
implemented in a 40nm CMOS technology and die photographs are shown in 
Figure 7. The active area is 0.45mm² in the receiver and 0.03mm² in the 
transmitter. The antenna occupies 1mm² in the receiver and 0.81mm² in the 
transmitter. 
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 Figure 10.2.1: System overview and EM simulation of the channel with 
measured loss per meter and bending loss for a radius of 25mm. 
 
Figure 10.2.2: The connector solutions of the plastic waveguide with 
the RX (bondwire antenna) and the TX (collinear broadside dipole). 
 
Figure 10.2.3: Architecture and circuit implementations of the 120GHz 
CPFSK TX with measured modulated output spectra. 
 
Figure 10.2.4: Architecture and circuit implementations of the 120GHz 
CPFSK RX. 
 
Figure 10.2.5: Measured eye diagrams, BER and eye opening. No DFE 
or error correction was applied on the receiver side. 
 
Figure 10.2.6: Performance summary and comparison against previous 
published plastic waveguide links. 
 Figure 10.2.7: Die micrograph of TX (flip-chip) and RX (bondwire) 
